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ABSTRACT

As part of a proji 1 to compute Unproved aiomic data for the spectral model-
ing of iron K lines, we report extensive calculations and comparisons of radiative
and Auger rates for ttansitions involving the IK-vacancy states in Fe xxX1v. By
making use of sever computational codes. o detailed study is carried out of
orbital representatio s, configuration interaci ion. relativistic corrections, cancel-
lation effects, and fine tnning. [t is shown that a formal treatment of the Breit
interaction is essentinl to render the lmportais wagnetic corrclations that take
part in the decay patlways of this ion. As o oesult the accuracy of the present
Avalnes is finnly v ovsed at betrer thaa Towo while tlint of the Auger rates at

only 15%.

Subject headings: «omic data — atomic processes = line formation — X-rays:

SpECctroscopy

1. Introduccion

Iron K lines are amory the most nteresting featnres 1n astrouomical X-ray spectra.
These lines appear in mauy costic N-ray sources. thiey are located in a relatively unconfused
spectral region, and have « well understood potential in plasma diagnostics. Detections
date to the earliest rocke! experiments on astronowical N-ray spectra (Chubb et al. 1963;
Serlemitsos et al. 1973). Lion ¥ line observations have Lelped to determine flare temperatures
in the Sun (Doschek et al. 1981) and supernova reninants (Serlenitsos et al. 1973), the
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emission geometry in X-ray binaries (Sanford et al. 1975 Pravdo et al. 1977), have revealed
the presence of extragalactic nuclear processed wratcrial e clusters of galaxies (Serlemitsos
et al. 1977), and strong gravity in Sevfert galaxics | Tanaka et al. 1995).

Recent improvements a1 the spectral capabilicooand sensitivity of satellite-borue X-ray
telescopes (Chandra, XMV Newton) have profieicd e role of Fe K lines in diagnostics,
trend that will continue to cvolve with the lannci of futnre instruments such as Astro-E2
and Constellation-X. Plasima diagnostics such as those devised from the iron K spectrum
ultimately rely on the knowledge of the microphvsics of line formation and hence on the
accuracy of the atomic dat . In spite of the line ideutifications by Seely et al. (1986) in solar
flare spectra and the labo wtory measurements of Beiersdorfer et al. (1989, 1993), Decaux
& Beiersdorfer (1993) and Decaux et al. (1995 1994, (he K-vacancy level structures of Fe
ions remain incomplete as can be concluded frow Uhe recent critical compilation of Shirai
et al. (2000). With regarl- to radiative and Anwer rates, the highly lonized members of
the isonuclear sequence, 1imely Fo xxv-Fe XXi. have received much attention, and the
comparisons by Chen (1987) and Kato et al. (1997 have brought about some degree of data
assurance. For Fe ions with an electron oceupancy wreater than 9, Jacobs et al. (1980) and
Jacobs and Rosznyai (19861 have carried out central field calculations on the structure and
widths of various inner-shell transitions. but these have not heen subject to independent

checks and do not suffice ¢ urrent requirements of ievel-to-level data.

The present report is the first 1 a project 1o stennatically compute improved atomic
data sets for the modeling Hf I spectra. The emple s hoth on accuracy and completeness.
For this purpose, we make tse of several stato-of-tin-nt atomic physics codes to deliver for
the Fe isonuclear sequence. energy levels: wavelengihs: radiative, Auger and electron impact
excitation rates; and photoionization cross sections. I the case of Fe XX1v, transitions of
the type 1s?nl —1s2pnl with n > 2 yield satellite lines on the red wing of the 1s — 182p lines
of helinm-like Fe xxv at | 83A. These satellite lines blend with the Fe XXV emission lines
in low and medium resolinton spectra and distor the observed cmission line ratios often
used in plasma diagnostics (Bautista & Rallnan 2060: Oclpoetz & Pradhan 2001). We have
approached the radiative i autoionization (Augzer) properties of Fe XXIV as a test casc
of the numerical methods aud of the relevance ol the different physical effects. By detailed
comparisons with previous work, it has become evident that there is room for improvement,
that some of the computational packages are deficient for the study of K-shell processes, and
that an efficient strategy cin be prescribed for the trearment of the whole sequence.
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2. Numerical actiiods

In the present work wo employ three differens computational packages to study the

P

decay properties of the n = 2 K-vacancy states ol fa-like e XXIV.

AUTOSTRUCTURE: an extcnusion by Badnell (1986, 1997) of the atomic structure code SU-
PERSTRUCTURE (Eissner ¢t al. 1974) to treat autoionization processes. It also integrates
piecemeal developments tliat have heen carried o over the years to implement improve-
ments in the relativistic friowork, term-energy corrections. and Coulomb—Boru high-energy
limits.

HFR: the Hartree-Fock suite of codes by Cowan { [ty that includes relativistic corrections.
Tt is used to calenlate level cnergles. wavelengihs. oscitfitor strengths. and in a perturbation
approacl, autoionization rates.

BPRM: the Breit-Pauli version of the R-matrix ofctvon scattering code (Burke et al. 1971;
Berrington et al. 1974, 107~. 1987; Seott & Burke 1U8U: Scott & Taylor 1982). Resonance
parameters are computed 1 the asviuptotic regicn with the STGQB module by Quigley &
Berrington (1996) and Quigwey et al. (1998).

We have found the I'e Li-like svstem to he oo nnnsually versatile workbench for the
maguetic interactions. a oot that perhaps has ool been always appreciated in previous
work. Thus prior to the deseription of the nuericad details of the codes, we include a
concise summary of the 1clativistic Breit-Panli Haniltonian which is used throughout our

computational portfolio and will be central in the discussion of results.

2.1. Breit—Pauli Hamiltonian
The Breit—Pauli Hamilronian for an V-clectron svstein is given by
oy, = Hy 1 Pl (1)
where H,, is the usual non-relativistic Hamiltowic . Lie one-body relativistic operators

N
H,, = Z f(mass) + 1,0y + fu,(so) (2)
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represent the spin—orbit interaction, f, (s}, and the non-iine structure mass-variation. f, (mass),
and one-body Darwin, f, ). corrections. The two-hody corrections

HZ\) = Z '\/HI(SO\) s .(/HIH(SS) Rl bl ,{/ll'm(d) e .(/‘II"IH,(OO) 3 (3)
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usually referred to as the Breit interaction, include. au thie one hand, the fine structure terms
Jnm(50) (spin-other-orbit « 1l mutual spin-orbit) ai g, (ss) (spin-spin), and on the other,
the non-fine structure teris ¢, (css) (spin-spiu coitact), G () (two-body Darwin), and
Gnm(00) (orbit—orbit).

The radiative rates (. 1-valnes) for electric dip oo and quadimpole transitions are respec-

tively given in units of s~ by the expressions

\ gy - cad :
Al l) =2.077d x l()){j Iil,}‘{—S].;[(/w.‘l,) (4)
e
e 1R ol .
A () = 26733 x 10°(L; - L) —Spualk, i) (5)
Gk

where S(k,1) is the line -1iength, gi the statistical weight of the upper level, with ener-
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gies given in Rydberg units and lengths in Boln vadii. Similarly for magnetic dipole and

quadrupole transitions, tli+ A-values are

t . . i 1 B .
Ay twd) = 30044 x L0°(L, - Fy )P —= S ) (6)
i
IR P R _ _
.’41\,1'_)[/1./,) = 2.3727 x 10 —l_/;,‘ I —‘b;\lz(lui.%) . (()
Yk
Due to the strong magnetic interactions in this i e magnetic dipole line strength is
assumed to take the form
SA\[;(/{. l) = ’f/‘ f "; - (8)
where
N
=P+ P =) {lln s olu)}+ P (9)
n=|

PY is the usual low-order M1 operator and P inctudes the relativistic corrections estab-
lished by Drake (1971). lthough the main astroplysical interest is in E1 Ka decays, it is
shown here that some of the forbidden transitions display A-values comparable with the E1l
type and therefore must lie taken into account for acenracy. Furthermore, in the case of the
1s2s2p 4P§/2 state, radiative decay can only occur through forbidden transitions.

2.2, AUTOSTR!UCTURE

AUTOSTRUCTURE (Baduell 1986, 1997). an corension of the atomic structure program
SUPERSTRUCTURE (Eissu et al. 1974). computes fine shimeture level energies and radiative
and Auger rates in a Bro:t Pauli relativistic fraciework.  Single electron orbitals, Ppy(r),



are constructed by diagonalizing the non-relativistic Hamiltonian, H,,, with a statistical
Thomas-Fermi-Dirac model potential V() (Eissucer & Nussbaumer 1969). The A, scal-
ing parameters are optimized variationally Ly miuimizing a weighted sum of the LS term
energies. The latter are rvpresented by coufignrativi-inreraction (CI) wavefunctions of the

type
= Z( (10)
i
Continuum wavefunctions ¢ constructed within (he astorted-wave approximation. Rela-
tivistic fine structure levei- and rates are oblaiunea by diagonalizing the Breit-Pauli Hamil-
tonian in intermediate coipling. Both one- and two-body operators—fine structure and
non-fine structure (see Scction 2.1)—have been fullv iplemented to order a?Z* where o
is the fine structure constant and Z the atomic nnuiber. The relativistic corrections to the
M1 operator (see Eq. 9) heve heen incorporated i sUPERSTRUCTURE by Eissner & Zeippen
(1981).
Fine tuning—which i~ advisable for treating stares that decayv through weak relativistic
couplings (e.g. intercombiiirion trausitions) - nanaged by means of term energy correc-
tions (TEC). By considering the relativistic wavelnntion. ©of, in a perturbation expansion in

L1

terms of the non-relativistic huuctions v
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a modified H,, is constrncred with improved estinates of the ditferences Ej" — E7" so as
to adjust the centers of gravity of the spectral nultiplers to the experimental values. This

procedure therefore relies o1 che availability of speciroscopie data,

2.3, Hik

In the HFR code by (owan (1981), an orbital hasis is obtained tor each electronic con-
figuration by solving the Hartree-Fock equations for the spherically averaged atom. The
equations result from the application of the variat ioual principle to the configuration aver-
age energy and include rel wrivistic corrections. natieiy the Blume Watson spin-orbit, mass—
velocity and one-body Diiwin terms. The Blue Witson spin-orbit term comprises the

part of the Breit interaction that can be reduced oo one-body operator.

The multiconfigurati 1 Hamiltonian matrix is constrneted and diagonalized in the LSJx
representation of the Slaicrr Condon theory. Eacl matvix element is a sum of products of



-6

Racah angular coefficients :d radial integrals (Skaer and spin—orbit integrals)

(ot HiD) = « o (12)
[0/ ‘

2

The radial parameters, /" can be adjusted o ovodice the experimental energy levels in
a subsequent least-squares fitting procedure. The . Conalues and eigenstates thus obtained
(ab initio or semi-empirically) are nsed to compuie the wavelength and oscillator strength

for each possible transition.

The autoionization rates are calculated using the perturbation theory expression

(13)
= LS Tr|H |01 LS T

Here o embodies the counling scheme and the remainiug quantum numbers necessary to
define the initial state; o’ plavs a similar role for the threshold state to which the continuum
electron, £/, is coupled. 'The kinctic energy of the free electron. €. is determined as the
difference between the average energy of the antoionizing and the threshold configurations.
The radial wave functions o the initial and final stoies are optimized separately. Both states
are calenlated in intermedinte coupling but CI i coconnted for only in the autoionizing
states, i.e. no interaction letween the threshold cectionic coufigurations is assumed. The
continuum orbitals, P.,(r ) are solutious of the H:. i oe-plus-Statistical-Exchange equations

for fixed positive values ol 11e £ Lagrangian multipiers (Cowan [981).

2.4. Briod

The BPRM method i+ widely nsed in electroa o scattering and in radiative bound-
bound and bound—free c:linlations. [t is bascd oi the close-conpling approximation of
Burke & Seaton (1971) whereby the wavefunctious for states of an N-electron target and a
colliding electron with total angular momentum aud parity Jr are expanded in terms of the

target eigenfunctions

) pa—

W = AZ;\LF VN, (14)
z J

The functions y, are vector coupled products of the target eigenfunctions and the angular

part of the incident-electron functions, F,(r) arc v radial part of the latter, and A is an

antisyminetrization operaror. The fnctions ¢ e bound-type functions of the total sys-

temn constructed with tarcor orbitals: thev are tnroduced to compensate for orthogonality



conditions imposed on the £(r) and to improve short-range correlations. The Kohn vari-
ational principle gives rise 1o a set of coupled intevro-differential cquations that are solved
by R-matrix techniques (Burke et al. 1971; Berrineron ot al. 1974, 1978, 1987) within a box
of radius, say, r < a. In tl o asvmptotic region (r = «). resonance positions and widths are
obtained from fits of the cigenphase sums with the s1GQB module developed by Quigley
& Berrington (1996) and (Quigley et al. (1998). Norsalized partial widths are defined from
projections onto the open «hannels. Breit Pauli rela ivistic corrections have been introduced
in the R-matrix suite by Scort & Burke (1980) aud Scott & Taylor (1982), but the two-body
terms (see Eq. 3) have not .15 yet been taken into acconn. [nter-channel coupling in the scat-
tering problem is equivalent to CI in atomic strnctuve. and represents a formal and unified
approach to study the deciy properties of botl hound states and resonances.

3. Resuits

Since the present study of the Foe Li-like systeny nas been approached as a test case, the
atomic data, namely energy levels, wavelengths. - volues. and Auger rates, are computed in
several approximations and extensively compared vith other data sets. This methodology is
destined to bring out the dininant physical effects and the Haws and virtues of the different
numerical packages. Add:tionally. it provides statisties [or determining accuracy ratings,
something which has not »cen established firmly nwthe past. Since numerous calculations

have been performed, only o represeutative selectiou is presented (see key in Table 1)

Three calculations witl, AUTOSTRUCTURE ave fiotvdd: ASTL, the ion model is represented
with configurations solelv from the n = 2 cowplex aud excludes the Breit interaction, i.e.
the relativistic two-body cperators in Eq. (3): AST2. the same as ASTI but includes the
Breit interaction; AST3 takes into account the latter. single and double excitations to the
n = 3 complex, and TEC. [he latter model enables the estimate of CI effects from higher
complexes and the fine tuning of the final deliverabic data set. Two computations with HFR:
HFRI1 is equivalent to AST2: in HFR2, full n = 3 U1 is included and the radial integrals
are fitted to reproduce experimental energies (this (pproximation should be equivalent to
AST3). BPRI1 is a compuration with BPRM whercin the He-like target is represented with
the 7 levels from the 182 1s2s. and 1s2p configizations. Since BPRM does not take into
account the Breit interact on. BPR1 should be coriparable with ASTL.

We also compare with five external data scrs {mee Table 1). COR, corresponds to the
data set referred to as “Cornille” in Kato et al. (19977 computed with the program AUTOLSJ
(Dubau & Loulergue 1981), an earlier but simila iplementation of AUTOSTRUCTURE.
SAF contains the data set ~Safronova” in Kato ot al. (1097) and energy levels reported in



Safronova & Shlyaptseva [1096) that have been obtained with a 1/Z perturbation method.
This method uses a hydrosenic orbital basis. the correlation energy includes contributions
from both discrete and coninuum states, and the two-body operators of the Breit interaction
and QED effects are obtained in a hydrogenic approximation through screening constants.
BPR2 contains both A-valies and Auger widths caivilated with BPRM by Nahar et al. (2002)
using a target model that comprises lovels with + - 7. HFR3 by Lemen et al. (1934) gives
Auger rates computed witle HFR 1 a single coulivtration approximation (i.e. no CI even
within n = 2), the Breit in craction is not taken o account, and the Coulomb integrals are
empirically scaled by 15% to allow for neglected cifects. MCDFE (Chen 1986) contains data
computed in a multiconfiguration Dirac—Fock model that accounts for the Breit interaction
and QED in the transition cuergy, but excludes e exchiange interaction between the bound

and continuum electrons.

In the context of the calculations of Anger decavs with AUTOSTRUCTURE, a dilemma
quickly arises regarding icu representation, whetlier o use Lictvpe orbitals (parent ion) or
those of the He-like rewtant. By comparison vw.th results from the more formal BPRM
method, it becomes clear tha the Tatter type is the -uperior choice. On the other hand, the
situation is less certain for the Ko radiative data duce to the absence of noticeable ditferences.
In this case, and due to scinewhat better agreenen with previous work, the A-values have

been calculated with parent orbitals.

3.1. Energy levels aud wavelengths

In Table 2 we compare present level encrgies wirle experiment and SAF. It may be seen
that the energics obtained for the N-vacancy lever with approximation AST1 are on average
1042 eV higher than expe iment. By including the sien iuteraction (AST2), and mainly due
to the contribution from the non-fine structure two-body terms, this discrepancy is slightly
reduced to 8 = 1 eV. Fuither consideration of (1. L. from configurations of the n = 3
complex, does not bring about noticeable improvenents. Results obtained with BPR1 bear
a similar degree of discord. This systematic difference is partly due to neglected interactions
(e.g. QED), but also to the fact that orthogonal v al hases are used to represent both the
ground and lowly excited hound states. in the one hand. and the highly excited K-vacancy
resonances ol the other -lms discarding core retaxation effects. Since HFR can generate
variationally scparate set- of orbitals for each contionration. it leads to more accurate ab
initio energies: the avera:  discrepancy of HER with experiment is only 2 £ 1 eV. Fine
tuning, invoked in approx 1.ations AST3 and HE 2. results in theoretical levels within 1 eV
of experiment, comparabl: to the accuracy of 1.5 ¢\ displaved by SAF. For the unobserved



1s2s2p *Pg,, level, an enerzy of 6.6285(3) ke\" is prodicted which is in good accord with value
of 6.6283 keV quoted by SAL.

In Table 3 we compare line wavelengths derived from the AST3 and HFR2 approx-
imations with experiment and other theoretical resulis. The nicasurements were made by
Beiersdorfer et al. (1993) wirh a high-resolution Biaes cvstal spectrometer on the Princeton
Large Torus Tokamak. (i previous criticisi iocarding the incompleteness of the exper-
imental data sets is clear v supported by this conparison. With respect to experiment,
differences with HFR2 ar | SAF are not larger than 0.4 mA while those with AST3 and
MCDF are within 0.6 mA 1ud 0.8 mA respectively. This level of accord is somewhat outside
of the average experimental precision of 0.23 . The values listed by COR are system-
atically shorter than exp:iiment by ~ 3 mA aud the ab gnitio results by BPR2 can be
discrepant by a similar amount. In general, ditfercnces hetween the AST3, HFR2, SAF, and
MCDF dara sets show scatters with standard deviations not larger than 0.3 mA which can

perhaps be taken as a lowa bound of theoretical rvenaey.

3.2. Radiative rates

A Li-like K-vacancy state decayvs radiatively hyv cmitting a [xav photon:
) ., . B o
B ) D . ‘. 2
l,\.'._)S”N.zl)m“ {25 +1)L4/k Edi D _)/,1 )LT/, + o (15)

The strong transitions arc 11e dipole spin-allowed “25, = I = 2) but intercombination tran-
sitions (2S5, + 1 = 4) can 1-o take place tloongl e relativistic conplings. Furthermore,

we have found that in sorce cases the forbidden rominions must also be considered.

In Table 4 we preseut transition probabilities « oniputed in the different approximations
together with those from previous work: BPR2. ('OR. SAF. and MCDF. In the following
discussion, we exclude the transitions 10-3, 12-1. 15 2. and 18-2 as they are severely affected
by cancellation and nothing further can he asserted about their radiative properties. In Fig. 1
we compare A-values compnted in AST2 with those ASTI where significant differences
are found. In general, the mclusion of the Breit tnieraction (AST?) increases rates; while
the variations are not larzcr than 10% for the spin allowed transitions that exhibit large
rates (log A, > 14), the cuhancement in the Intersysten transitions (5-1, 6-1. and 13-3)
can be as large as 25%. Liciusion of Clfrom the v =3 complex leads to changes not larger
than 2% while the fitting with TEC, as expected. causes differences mostly in the sensitive

intersystem transitions.

In Fig. 2a the transition probabilities computed i approximation AST1 are compared
with those by HFR1, COL. SAF, and MCDF. While there is excellent agreement with COR
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(within 10%), the data iv HFR1 and SALF are o verage higher by ~ 5% with scatters of
49 and £12%, respectivelr. Differences with MCULE wue as large as 21%. It can be inferred
from this comparison thar COR most probably did not consider the relativistic two-body
corrections, and the discor:l with HFR1, SAF, and MCDFE is mostlv due to the contributions
from these operators. Thix assertion is supported by a further comparison with the data in
AST3 (Fig. 2b); now the agreement with SAF and MCDFE has improved to ~ 10% while
discrepancies as large as =5/ are found with COLL The larger differences now found with
HFR2 (15%) are an indication that the Blume \Vison screening in HFR does not account
adequately for the Breit interaction. The outcon ui thils comparison clearly brings out the
relevance of the latter in th radiative decay. aud g.ve us confidence on the accuracy ranking
(better than 10%) that ¢ 1 be assigned Lo the b dues AST3 and on the reliability of
AUTOSTRUCTURE platfori 1 in the study of the deons properties of K-vacancy states.

We have found that tle K-vacancy states in Li-like iron, in addition to their dipole
allowed manifold, can als decay radiatively via unnsually strong magnetic transitions. As
shown in Table 5, the A-values for the M2 components m 10-3 and 13-2 are almost as large
as their E1 counterparts. aund thercfore must be cncen into account in order to maintain
accuracy. The situation I comes critical for the -2:2p, 'y, metastable which is shown to
decay through both M1 « 0 M2 transitions (sce fable 5). It nayv be also appreciated that
the M1 A-value must be cadeulated with the relaivistically corrected operator (see Eq. 9)
since the difference with the uncorrectod version is 5 orders of maguitude. Chen et al. (1981)
have assumed that this state decays radiatively onlv via the M2 transition, and quote a value
of A, = 6.57 x 10° 7" in good agreement (7%) with the present Ayp-value of 6.16 < 109 s~ 1.

3.3. Auger ruies

While the radiative © wnsition probabilities ¢ oo resolved satisfactorily, the effects of
the magnetic couplings ou the Auger vates are wor o ident and thus larger the discrepancies.

A Li-like K-vacancy level 1iitoionizes through the -ingle channel
etk Dyt (285 +1 2 1¢ -
L2k oy Byt Sy e (16)

that ends up in the ground state of the He-like clild ion. A comparison of rates is given in
Table 6. As before, due to strong cancellation cffecta, we exclude the 1s(28)2s2p(*P°) *P§ ,
and 4P(f/2 states from furtler discussion. Bv conparing data from approximations ASTI
and AST?2 (see Fig. 3), it is found significant scusiviviry to the Breit interaction: states
with log 4, > 13 are in general reduced by no more than 11%. but the smaller values show
decrements as large as a [1ctor of 2. lu this respect and as shown in Table 7, the spin-spin



interaction can cause drastic changes in the rdes. oo only due to level coupling within the
parent bound configuratious (bound bound coupling, but also involving the final continuum
configuration (bound—free coupling). An outstanding illustration of this correlation is the
1s2s2p 4Pg/2 state which can only antoionize through the spin-spiu interaction. By contrast,
CI from the n = 3 complex is found to be relativels nnimportant, but the TEC lead to
noticeable changes (25%) it the quartet states, c.v. 152p? 'P, that can only decay through
relativistic intersystem couplings that are seusitive 1o ievel separation. The good agreement
(~ 10%) between AST1 anc. BPRI for states wity toe 4, > 13 reinforces the AUTOSTRUC-
TURE numerical formulaticn of antoionization processes. and that hetween BPR1 and BPR2,
further confirmation that ' from 1 > 2 complexes is irrelevant in the decay of K-vacancy
states of this ion.

Unexpected large disciepancies are encounteycd with the data computed with the HFR
code. In the case of HFR3. they can perhaps he artributed to the simple atomic model
adopted by Lemen et al. {1984) that neglects hoth ] and the Breit interaction, but their
origin in HFR1 aud HFR? ave less clear. Taking ey consideration that we have computed
reliable Auger rates for othor Fe lons with this cocoihe cause could be tentatively ascribed

to an oversimplified implocentation of the Breit iorererion.

In Fig. 4 Auger rates in AST1 and ASTS we compared with COR, SAF, and MCDF.
While agreement between C'OR and ASTL is witlia L0Y it clearly deteriorates with ASTS3;
this is further evidence of thie neglect of the Breir intoraction by COR. Significant differences
are also found with SAF aud MCDF in particular for the smaller values (log 4, < 13).
Focusing our discussion o1t the larger rates. data by 5 A" ave onaverage 8% higher than AST1
which is a worrying outcome as the inclusiou ol e Breit interaction in general decreases
our rates thus magnifyiug the discrepancy. Tlis con be appreciated in the comparison of
SAF with AST3 in Fig. 41 vwhere the larger differcaces are found for decays subject to strong
spin-spin bound-free corrclition (see Table 7). and can perhaps be attributed to its deficient
treatment in the SAF app oach. By contrast, the discord between ASTT and MCDF for the
larger rates (up to 32%) - reduced to within 15% when the Breit interaction is taken into

account.

The lack of data stability for Anger transivions with log A, < 13 is further put in
evidence in the tricky dec.v of the 1s2s2p *Pv ., sie. While there is good agreement with
Chen et al. (1981) for the lominaut radiative M2 cvadie (see Section 3.2), their Auger rate
of 6.53 x 109 s~! is a factor of 3 lareer tins predic e o lower fluorescence yield (0.50) than
the present (0.76) for this ~tatc.
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3.4. DB, and (/) pwtors

In the spectral syntli =15 of dielectronic satci o lines, relevant parameters for a & — 1

radiative emission are the lranching ratio
Bk, i) = ———"— (17)

and the satellite intensity factor
Qulk.) = gD AR (18)

where A (k,1), A(k) =3 A (ki) Au(h), and gy e respectively tlie A-value, total radiative
width, Aunger rate and stitistical weight of the npper £ levell T Table 8 we compare our
best data set (AST3) with C'OR, SAF, and MCDI Tor B, > 0.1, the agreement is within
5% except for the COR "3 3 and the SAF L1 | lines where it deteriorates to 9%. The
former, being an intercom mation trausition. Is scusitive to the atomic model while level 11
is subject to admixture. For B, < 0.1, the accord 1 within 15% if transitions affected with
cancellation are put aside. For Qg > 10" s e coment with COR, SAF, and MCDF is
respectively within 10%. 5% and 137 b Tor ol analler values, discrepancies up to a

factor of 9 do appear.

4. Summary aund couclusions

As a starting point .n a project to compute improved atomic data for the spectral
modeling of Fe K lines, we Lave carried out extensive calenlations and comparisons of A-
values and Auger rates for the K-vacancy states oi the Li-like Fe xXI1v system. Primary
aims have been to select . applicable computasional platform and an efficient strategy
to generate accurate and complete data sets for oiben menibers of the first row of the Fe

isonuclear secuence.

Several physical effect< have been considered: urhital representations, CI, relativistic
corrections, cancellation, aud semi-empirical improvements. For an N-electron ion, we have
found that the most realistic representation is to have different orbital representations for
the K-vacancy resonances and the valence states. [his 1s currently available in the HFR code,
but most other platforms nse orthogoual orbital tases for compntational efficiency. In the
case of AUTOSTRUCTURE. w liich uses a pseudo-cons Lo approach to compute Auger rates,
orbitals of the (N — 1)-ele tron system st then o tised. Level conplings within the n = 2
complex have been found 1o he vital thus sevious:. estioning thie reliability of the atomic
model adopted by Lemen -t al. (1984). CI from Ligher complexes contributes negligibly. The



two-body relativistic operators, both fine structie aud non-fine structure, play conspicuous
roles in the decay pathwavs of the K-vacancy states of this ion, particularly in the Auger
processes. Electron corre ation could be then interpreted as being highly magnetic: both
bound-bound and bound {1ee spin-spin coupling- bave been shown to be large within the
n = 2 complex and speciallv critical in thie Auger decay of the 1s2s2p 4Pg/.2 state. This state
is also shown to decay r.hatively through forbidden SI1 and M2 transitions, the former
requiring a relativistic coticcted transition operator to avoid errors in the line strength of
several orders of magnitucle. In this highly fonized magnetic scenario, computer programs
that do not include a forri:l numerical implementarion of the Breit interaction, or neglect
it, have limited applicabilitv. Such is the case of PrM and HFR. We have also looked
into cancellation effects, finding several transitious witli acute disorders that discourage any
discussion about their prooerties. TEC have heen found to be a useful option to attain high
numerical accuracy, speciillv for line identification il 1o render intersystem couplings that

can be sensitive to level splirtings.

In the light of the problems discussed above. .t OSTRUCTURE emerges as the platform
of choice. This implies that the present calculation cuds up heing an independent validation
of the work by COR and. by including inproved magnetic correlations and fine tuniug, a
substantial refinement. The level of agreement townd with COR at the different stages of
the present comparisons confirms this assertion. 1he excellent accord also obtained with the
radiative rates by SAF ani. MCDF allow us to establish a i ranking of better than 10% for
the AST3 A-values. On the other hand, the Laivlv large discrepancies with the SAF Auger
rates are believed to be cansed by their rough treanment of the Breit interaction in terms
of screening constants. From the agreement with JMCDE, on the other hand, the present
autoionization data with low 4, > 13 can be ranked o within 15%. We can also conclude
from the comparison witl SAF that the precision attained for the K-vacancy level energles
of £1 eV is a lower bound Hf present computational capabilities. Since it necessarily relies on
fine tuning, and considering the current unavailabilinv of complete experimental K-vacancy

level structures for Fe ions. turther spectroscopic dara would be an asset.

The present methodolozy of using several conpatational platforms to treat inner-shell
processes has proven to b kev in elncidating the shvsics involved and the level of accuracy.
It was previously exploited by COR and SAF ane 1o recently by Savin et al. (2002), and
it will be therefore maint.ined in our calculation. ou other members of the Fe isonuclear

sequence.

We are indebted to v Nigel Badnell (University of Strathelyde, UK) for invaluable
discussions regarding the AUTOSTRUCTURE optivis and Auger processes in general, and
to Dr. Claude Zeippen (U)lservatoire de Paris, I'vauce) for assistance with the relativistic
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15

REFERENCES
Badnell, N. R. 1986, J. Pivs. B 19, 3827
Badnell, N. R. 1997, J. PlLvs. B 30, 1
Bautista, M.A ., Kallman. T.R. 2000, ApJ 544 o0,
Beiersdorfer, P., Phillips. .. Jacobs. Vo Lo an o0i Apd 409, 846
Beiersdorfer, P, Bitter, M vou Gocler. S. Hilio o a0 1989, Phvs. Rev. A 40, 150
Berrington, K. A., Burke. I’ G.. Butler, K. et al. o3 ) Phys. 13 20, 6379
Berrington, K. A., Burke. I’ G., Chang, J. J.. et w1971 Comput. Phys. Commun. 8, 149

Berrington, K. A., Burke. {* G., Le Dourneuf. M. ot al. 1978, Comput. Phys. Commun. 14,
367

Burke, P. G., Hibbert, A.. lvobb, W.D. 1971 g ruvs 13 40153

Burke, P. G., Seaton, M. .I. 1971, Meth. Comp. Puyve. 1.

Chen M. H. 1986, At. Dati Nucl. Data Tables 34 30l

Chen M. H., Crasemann, .. Mark, H. 1981, Phyve ftev. A 24, 1852

Chubb, T. A., Friedman. 1.. Kreplin. Ro WL 1965 00 os0 277

Cowan, R. D. 1981, The heory of Alomae Straci o aid Specire (Berkeley, CA: University

of California Press)
Decaux, V., Beiersdorfer; [". 1993, Phys. Scr 17, oy
Decaux, V., Beiersdorfer, 1", Kahn. 5. M., Jacobs 4 1L 1997, ApJ) 482, 1076
Decaux, V., Beiersdorfer, ., Osterhield, A et al. ib05. ApJ 443, 464
Doschek, G. A., Feldinan. £ .. Cowan. R. D. 10981 4 245, 310
Drake, G. W. F. 1971, P~ Rev. A 3. 908
Dubau, J.. Loulergue, M. 1981, Phys. Ser 23, 1306
Eissner, W., Jones, M., N t=sbammner, H. 1974 Compur. Phys. Connmun. 8, 270

Eissner, W., Nussbaumer. 1. 1969, J. Phys. 3 2. tuzx



Eissner, W., Zeippen, C. . 1981, J. Phys. B 14, =. -
Jacobs, V. L., Rozsnyai, I:. ['. 1986 Phvs. Rev. 0 2106
Jacobs, V. L., Davis, J., Rosznyval, B I Coopers oo v 1980 Phvs. Rev. A 21, 1917

Kato, T., Safronova, U. 1. Shlvaptseva, Ao 5. et ol 1097 _At. Data Nucl. Data Tables 67,
2._

Lemen, J. R., Phillips, K. I H., Cowan, R. D., et i 1984, A&LA 135, 313
Nahar, S. N., Pradhan, A. I{., Zhang, H. L. 2002. Phvs. Rev. A 63. 060701 (R)
Oelgoetz, J., Pradhan, A.Ix. 2001, MNRAS 32701z

Pravdo, S.H., Becker, R.IL. Boldt, LA et al 1077 Apd 215, LGL

[

Quiglev. L., Berrington, I 1996, J. Phvs. B 20, 15
Quigley, L., Berrington. .. Pelan, J. 1998, Couypon PPhys. Cominun. 114, 225
Safronova, U. L., Shlyaptscva, Ao S, 1996, Phys. oo 1204

Sanford, P., Mason, K.O. lres, J., 1975, MNRAS 5000

Savin, D. W., Behar, E., ol So ML et all 20020 pds 138, 337

Scott. N. S., Burke, P. G. 1980, J. Phys. B 15120

Scott. N. S., Tavlor, K. T 1982, Comput. Phvs. Comm. 25, 347

Seely, J. F., Feldman, U.. safronova, U. I 1986. ApJ 301 838

Serlemitsos, P.J., Boldt, I \.. Holt, S.S.. et al. 1v75 ApJ 184, LI
Serlemitsos, P.J., Smith, 133V Boldt, ELAL et al 1677 ApJ 211, L63

Shirai, T., Sugar, J., Musgrove, Ao Wiese, WL Zoge o0 Plivs, Chien, Ref. Data, Monograph
8

Tanaka, Y., Nandra, K., aoiau, A Cooetal 106 aiare 375, 659

This preprint was preparc 1 with the AAS LYTEN niacres vou



1.3 . .

® L

—~ o ®

= 1.2 F -
w

<

< 11+ . -
o . o

(<’(3 ®

= 10F . s °° %, -

0.9 : —a
12 13 14 15

Log #.4AST1)

Fig. 1. Comparison of .4-vilues (s7') for K transasous i Fe XXV computed with approx-
imations AST1 and AST? Differences are due 1o el interaction.



1.3 1 1
o a
1.2 F v 7 .
= -
(</E) 11F g vo 3 -
;:C o * . . '@gvc Eov
,\\ 10 [ v v v ., \,. [ ) QO -
- o« v ©
< ¢ Y v v
0.9 F . - v
v v
08 1 1

12 13 14 15

1.2 T T

11} ’ « . A

O ¥ Q AV]

= < ‘ ceg 9 of

(',7) 10 B Q ._ - : 7
e v

$ 09 d' v : jv' vy

z© vl

< 0.8 F . .

06 PV 1
12 13 14 15

Log &, ~ST3)

Fig. 2.— Comparison of AUTOSTRUCTURE A-values (s "y for K transitions in Fe xX1v with
other approximations and cxternal data sets. () AT with: HFRI (triangles); COR (filled
rirelac) QAT (Aivalacts aand ATOMT 1G] evaanadon 0 ART2 it TTERD (tvinnalacy. CNR



1.2 . ———
— 10F o : of -
< R
~© ®
< o8t i
N
|._

)]
<
= 0.6 F -
<C ®
®
0.4 ' ' -

11 12 13 14
Log A5AST1)

Fig. 3.— Comparison of \nger rates (s71) for Wovacancey levels of Fe XX1v computed with

approximations AST1 and AST2. Differences are i to Breit interaction.



Log A5() - Log A (AST1)

Fig. 4.—

0.2

0.0

-0.2

0.4

-0.6

A i T
v a
> C
* - O
- ¢ b b (“: e .g -
v v Y
o ”
O i
v
p— -y
v
Y, L

11

14 15

A

12 i
Log A.(ASTHT)

1 : {
. b
v
- . -
- ]
(g
( 4 . oL
. g [OX v -
ﬂ)$ ®
\4
C
Vv v
] L
12 "2 14 15

Log A,(AST3)

Comparison of AL TOSTRUCTURE Auger vates (s ') for K-vacancy levels in Fe XX1v

with previous data sets. (1) AST1 with: COR (filled cireles): SAF (circles); and MCDF (filled

trinnalac)

(Y AQT

Sl (TR (R1TAA Ly

daed s CAE i dac)e aad ATOME (R11AA teinnalac)



Table 1. Approxiuation key

Feature AST AST2  AST3  HERI ¢ lo HFR3  BPRI  BPR2 COR SAF MCDF

Orthogonal orbital basis Yes Yes Yes No o No Yes Yes Yes Yes Yes

CI from n > 2 complexes No No Yes No o N Nao Yes i Yes Yes

Breit interaction No Yor, Yos Yes D N No No ? Yes Yes

QED effects No No Nu No A . No No No Yes Yes

Semi-empirical corrections  No No Yes No . LU No No No Nou No

References. — ASTI-ASTS: Preont work (AUTostruertsi: bl HEFR20 Present work (urr). HFR3: uFR calculation
by Lemen et al. (1984). BPRI: Lheont work (ppra) BPRZ 00 al nlation by Naliar et al. (2002). COR: Cornille data
set from Kato et al. (1997). SAF silronova data set from Nao cr e 107} and Safronova & Shlyaptseva (1996). MCDF:

Multiconfiguration Dirac-Fock calcfation by Clen (1986).

Table 2. Love energies (ke\') for i - 2 complex of Fe XX1v

i State ASTI AST2 A= HFRI HFR2 BPR1  BPR2 SAF
1 1s%25 38 0.0 0.0 0.0 L 0.0 0.0 0.0 0.0 0.0

2 15%2p 2P‘1)/2 01000 0.048011  0.049282 0TI GL048499  0.048589 0.048540
3 1s*2p *P§,, 0.0, 1566 0.066060 0066885 w6197 0.064539  0.064566 0.064534
4 1s2s? 28,5 G il £.6099 (.6070 o 6.6018 6.6004 6.6072 6.6011
5  1s(2S)2s2p(3P°) 41‘)‘;/__, 66177 6.6202 6G.6189 Y 6.6129 6.6131 6.6177 6617 6.6135
G 1s(2S)2s2p(3P°) *Py,, G607 6.6250 (G227 S GGITS 6.6173 66230 6.627 6.6171
T 1s(® 8)732[)(51“’) 41)0/ 6.6376 (.62 12 66295 6.6265 6.6283
8 Is(®8)2s2p(iPY) -l";,, G 6,662 G.GHIN P G.GH38 6.6537 6.6605  6.649 6.6534
9 1s(?8)2s2p(PPY) ’l’“/) Gt 6,672 G.6697 EPIIE 6.66:41 5.6618 6.6708  6.663 6.6624
10 1s(28)2p2(3P) ‘P2 G.H7in G.6781 G.6770 S0 6.6709 6.6708 6.6764 6.6717
11 1s(?8)2s2p (! P9) 31“"1’/’ 6.7l £5.6806 6,681 CaTnd 6.6784 6.6766 6.6831 6.674 6.6765
12 1b( 23)2s2p (F PO) 2PD/,_ 6.7 6.6896 6.6867 SO 6.G812 6.6790 6.6869  6.681 6.6795
13 15(28)2p2(3P) “Py/2 6,673 6.6868 6.6855 TN (.6T90 6.6786 6.6853 6.6798
14 1s(38)2p2(3P) *Ps s 6.5%5) 6.69.16 6.6917 T G.G865 6.6857 6.6932 6.6856
15 1s(?8)2p2(1D) *Dyy» 6.7007 6.7137 671N T 6.7050 6.7029 6.7112 6.7042
16 1s(38)2p2(3P) 2Py, 6.7 6.7109 G.7128 LT (.7068 6.7048 6.7141 6.7052
17 1s(?8)2p?('D) 2D;,, 6.7 6.7211 6.7176 LT 67120 G.7096 6.7189 6.7097
18 15(*%)2p2(3P) *P3/ 67201 6.73:10 6.7315 GTE 6.7247 6.7219 6.7329 6.7230
19 Is(38)2p2(18) *5,, 6.7 6.700 G751 LT 6.7 IS 6.7112 6.7519 6.7428

drad et oall {2000).

2Experimental level energies froi &



Table 3.

Wavelengtlhis (A) Tor ..

[
(S

Cinsitions in Fe xx1v

Label® &k i xpth AN TR it SAF MCDF  BPR2
P L 2 P 921925 bo8g22 b8 OGR! 1.8924 1.8927
0 4 3 I 89630(20) 1.8971 18070 [EREAIN 1.89G9 1.8973
5 i 1.8748 18718 1.8748 1.8752 1.873
u 6 I I 8T34T(35) 1. 18700 N2 1.8738 1.8742 1.870
7 1.8706
7 3 1.8890
r 8 | I 86:325(20) 18639 18070 S 1.8635 1 8640 1.86G4
q 01 ISGIOA(L3) L SGI0 1LNGT 18610 18613 1.860
i 10 2 s 8720 18Tz 1.8722 1.8725
1 10 3 TRTOS | ST 1.876G6 1.8771
t 11 ! CNOG93(200 1.8OG8 [t f 18571 1.8571 1.857
5 12 i 18500 1T ~ 185673 1.8504 1.855
[ L3 2 IO PsT 1 864949 1.8702
f 13 3 LRV ISP < o 187143 1.8747
e 14 3 L 8T2A6(35) 1.8729 18720 ST 18727 1.8730
k 15 2 01 85325(20) 1.8630 1865y CRGUL 18630 1.8631
1 53 L8GTT LSGTT Ls0n2 0 18674 1.8676
d 16 2 |.8626 1.862% [ERUNE 1.8628 1.8629
C L6 3 1.8671 ].8GT2 1.8672 1.8673
] 17 3 I 863T6(12) 1.866] I.86GHS sl 1.8659 1.8660
b 18 2 184376 L.8aTY N2 1.8578 1.8578
a 18 3 I 86207(30) 1.86:23 L8NG Ry 1.8622 1.8622
n 19 2 18523 (RS NOINN 1.8523 18521
m 19 3 SIGO3(205  L83TO L8TTU UETV LBAGG 18365
aTransition laberr trom Seely e al (1986
bTokamak measn ients (uncertainties in brackeis b Belersdorter et al (1993).
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Table 4. --values (10" 57" for L1 ronsitions in Fe XXIV
Label* k& ASTI  AST2  AST3  HEPRY Fir  BPR2  COR SAF  MCDF
P 42 9761 AG—T 02T-1 L0t } 051-1  875-1 8.25-1
] 4 3 3.85-1 Rl =1 9.52 -1 10840 0.39—1 09.07—-1 8.36--1
v 51 4061 L08—1 4971 4081 , 4661 492-1  4.86—1
u 6 L L4040 15540 1A540 1AO-U  ree 0 13240 DATED LS040 1440
7 1 6.18—1 A8 GG -1
T3 L93-5  101=5 LoD
1 & 1 2.88+1 OG- 30011 S0 28041 28N 3.19+1 2.89-+1
q 9 1 47041 ITi+l dTiel ASdel oo | T+ 48T+ 443+
i 10 2 L9040 L0240 2.07+0  1ROGULae o 21040 1980
b10 3 LT—2 TT0=3 9d2-3 0 LTu-r o 9.30-3  1.27--2
1 11 1 2.01+1 |.82+1 1.86G4-1 201+ T 20441 2.03+1 1.79+1 1.68+1
s Lo L 892—1  T00—1  A09—1 6571 . 2een 3=l ddl=l T.78=2 3.23-1
g 132 621-2 G3-3 451-3 9033 L0 2 2.40-3  3.42-3
£ 13 3 801—1 10140 LOGHO S1-1 Sl S23-1 L0140 9.67-1
e 143 30140 1140 35840 30040 52 137T+0 3.5140  3.1T+0
K15 2 334 0Tl RLIED 32651 2 G154l 32T+1 296+
1 15 3 33940 13240 36140 34950 20 30940 3.9040  3.80-0
16 2 53940 Ca5=l BAIEL 562+l T 5041 544l 40741
16 3 1.58+1  1.63+1  Lo0+1 166+ S 1.65+1  1.53+1
17 3 2.0041 AT | 2,05+ 1 2,19 ENN I 241 2.16+1 1.98-+1
b 18 2 L. 1540 V0= 9.6 -1 12140 [T 12540 8.63—1 7.57-1
R 18 3 61641 0041 6071 [(RE ) : 6,20+ 1 6.21+1 5.04+1
b 19 2 978~ 12040 103-0 LLIG0 oo SR9-1 L0940 1.08+0
m 14 3 24041 1241 24041 256+ 1 i EASEE 2.43+1 2.22+1

aPransition labels from Seuly

Note. — a+b=ax 10%

croal, (198G}




Table 3. A-values (107 s H) for Kowansitio. oL sivable magnetic components
S El M2 NIVASS
oL 0.0 6.16+0 © U
T3 00 0.0 U 1/601-T
w3 907+ 5.04--1 v
1.2 399+1 5.19+6 L0

“Computed with vncorrecred A operator.

Note. — Data computed with approxima-
tion AST3. axb=ax U

Table 6. Ao rates (10 7 for - - aciney states in Fe XX1v

H AST1 AST?2 A8 HERI HIPR2 L0180 B BPR2 COR SAF MCDF

4 1.40+1 1.44+1 L3~ 1 36140 8.60+0 Ol 14141 1.47+1 14241
5 1.88-2 1.45-3 1.33--5 1.54-2 1.09=2 [ o2 1.04—-12 1.19-2  5.57=3
6 T7.96—2 3.55-2 391 2 6.56-2 f3l=2 634 - CGT Y G2 8.40-2  8.85-2 1712
7 0.00+0 1.99—-4 1.97- 1 0.004+0  0.00+0 [ERRIEENY)

8  3.6740 42940 420 0 342400 29240 ZRG. CETL00 38040 3.80+40  3.2140  4.83+40
9 899—4 2.34-2 .10 3.01-2  85T-2 620 I [.86—2 3.02-2  5.74-2
10 2.55-2 2.53—2 337 0 2.21-1 2.25—1 SN L 3242 1.53-2
1L 74340 6.874-0 677 TG40 70540 Dotz iU TUH40 0 TOI0400 89640 7.0040
12 1.10+1 1.10+1 1.07 1.06+1 1041 T S 1.06+1 1101 1.21+1 1.05+1
13 1.55-1 g.4d—2 .66 2 137=1 142—1 117 I 1.h8—1 1.01-1 4.30-2
14 23140 2.2040  2.G6i- 0 20540 21340 183 - LRVIVERY) 23640 2.6440 21740
15 1.39+1 1.26+1 125 1.29+1 L30+1 820+ 0 BT 1.35+1 1.44+1 1.27+1
16 1.06—1 9.16—2 9.34--2 2058~ 2.50—1 308~ SO-2 9.50—2  9.08-2 1.64—1
17 1.32+1 1.44+1 1371 1441 14341 AR N 14641 1.60+1 1.42+1
18  3.44+0  3.4940 3280 33TH00 32940 25740 190 32040 4.1640 31440
19 3.094+0 3.004+0 2.9¢--1  5.86+0  HEG~—0 [21~ YERY 28340 3.21+0 27240

Note. —a=+b=a x LOTY



Table 7. Spin spin conltribution o Auger rates (104 g7t
|

ASTL  ASTi+Ss ASTL4SSP

boord40+1t 131+ [+

1.88—2 3.70- b3

i T.96-2 127 ¢ =2
S 0.0 (.0 L0—4

S 3.067T+0 0 3.92--U 509340
H 8.99—4 1.6l—1i [21-3
[0 2.55—2 2.11-2 260=2
[ 74340 6.47+0 7020
(v 11041 1.02+41 L0941
(3 1.Dbo—1 7.99-2 y N2 =2
[ 2310 2.00+0 2.UG+0
[H 0 1.39+1 L1d+4-1 b1
o L06—1 7.37-2 Pt=—1
7 1o24+1 129+ LaT+1
s 34440 34240 S0

19 3.094-0 2.67+0 30940

“‘Bound free spin spoa coupling ne-

slected.

PBound free spin s coupling -

Chided.

Note, w+h=u .~ u'
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Table 8. Radiative branching ratios 3, 1. satellite intensity ¢q factors

AST3 COR SAF MCDF
Label* &k 1 Bi(k,1) Qui Bk, i) Qalh ./ i) Qalh, i) By (k.2) Qqa(k,1)
(1ol (1ot (et sTh (0!8 s~ 1)
P 4 2 5.72-2 1.64:0 6.00—2 1.HR4-0 5.20-12 15640 5.20-2 1.4840
0 4 3 588-2 1.6Y% U 5.90-2 1.66G4-0 So19-2 1.62+0 5.25-2 1.504-0
v 5 1 9497-1 2.665 -5 GT6~ 9.90—1 1.10-2
u G 1 9.75—1 L.o3 - | 9.16—1 DT - | 5.90-1 6.78—-2
7 1 7.40—1 8.76 - 1
7T 3 2.32-2 2,75
r & 1 8.76-1 7.44 -0 8.83—1 6.72+0 ERHE 5.8440 8.55~1 8.2840
q 9 1 1.0040 5.6 -2 [T | 1211 9.98—1 2.209—1
i 10 2 9.81-1 6.61-1 RIS 6.35 -2 9.85—-1 3.01-2
h 10 3 4.12-3 2.77- 1 (I 2821 6.30-3 1.93—4
t Hi ] 7.33-1 .92-1 T8 [V T RIS 7.00—1 48840
s 12 | 3762 [t 2.0 -2 J Tl P 3049 -1 3.00-2 1.254-0
g 13 2 3.90-13 1.0 2lu=13 | 3.38-3 5.81—4
f 13 3 9.13-1 3.03 827} 0.2 FUT—1 3671 9.53—1 1.64-1
e 14 3 5.78—-1 .06 - 0 5.88—1 S0 T 9.0:1-0 5.93-1 7.7240
k 15 2 6.61—1 329+ G.oh—1 RGBS ool =1 3.70+1 6.43—1 3.25+1
! 15 3 7.66-2 3.824100 6.40—2 3470 ] -2 14140 8.25-2 4.18+0
d 16 2 7.68~1 1.44-1 7.72-1 147 -1 TAT-] 1.39—1 7.65-1 2.51—1
c 16 3 2.31-1 4.34- 2 22— [.21=2 2.35—1 7.70-2
i 17 3 6.00—1 4,924 1 5,921 DT TS 50241 5.83-1 4.95+1
b 18 2 1.49-2 1.9G- | 1.90-—-2 217 -1 P29 2001 1.26--2 L.h8—1
a 18 3 9.35-1 1.234 1 9311 [.23—1 R 1.5+ 9.35-1 1.18+1
1 19 2 3.68-2 2.15- 3202 LLT9 - P22 2001 4.16-2 2.26—1
m 19 3 8.50-1 5.0F 8.67-1 ERSIVEY! o H.o1G 40 8.5H—-1 4.644+0
aTransition labels from Seely et . { 1986,

Note. -— o £b = a x 10%?



